The etiology of chronic congestive heart failure (CHF) after repair of tetralogy of Fallot was determined in 102 patients consecutively catheterized 1 to 12 years postoperatively. Chronic CHF was observed in 36/102 patients. The most prevalent abnormality leading to congestive failure (31/36) was a large residual ventricular septal defect alone or in combination with other lesions. All postoperative patients with pulmonary to systemic flow ratios greater than 2:1 (25/102) had congestive failure and evidence of biventricular dysfunction. Significant tricuspid regurgitation (N = 11) and persistent systemic to pulmonary artery shunts (N = 6) contributed to volume overload and congestive failure in the patients with
SUMMARY The etiology of chronic congestive heart failure (CHF) after repair of tetralogy of Fallot was determined in 102 patients consecutively catheterized 1 to 12 years postoperatively. Chronic CHF was observed in 36/102 patients. The most prevalent abnormality leading to congestive failure (31/36) was a large residual ventricular septal defect alone or in combination with other lesions. All postoperative patients with pulmonary to systemic flow ratios greater than 2:1 (25/102) had congestive failure and evidence of biventricular dysfunction. Significant tricuspid regurgitation (N = 11) and persistent systemic to pulmonary artery shunts (N = 6) contributed to volume overload and congestive failure in the patients with THE MAJORITY OF PATIENTS WITH TETRALOGY OF FALLOT (TF) are asymptomatic after intracardiac repair, but continue to have mild residual auscultatory, radiographic or electrocardiographic abnormalities. 1-' In some asymptomatic patients, cardiac catheterization may reveal persistent severe defects unsuspected on clinical examination. 6 14 However, there are a small number of patients who do not improve after repair of TF and, in fact, some of these patients may even become more symptomatic. Most patients with persistent symptomatology have chronic congestive heart failure (CHF).7 It is this group of patients with chronic congestive heart failure that forms the basis for our study.
Through review of the clinical and hemodynamic data on 102 patients consecutively catheterized one to 12 years (mean 2.3 years) after surgical repair of TF, we plan to document the etiological factors that may result in chronic congestive heart failure after surgical repair.
Material and Methods
From January 1965 to June 1975, 102 patients underwent cardiac catheterization at The Children's Hospital Medical Center of Boston, one to 12 years (mean 2.3 years), following repair of TF. The records, hemodynamic data, and angiograms of the patients were reviewed. The repair of TF was performed at 0.8 to 28 years of age (mean 10.7) at either The Children's Hospital Medical Center of Boston (98/102), the Mayo Clinic (2/102) or University of Alabama (2/102). Twenty of 102 patients were catheterized prior to 1972. Prior to 1972, postoperative cardiac catheterization at our institution was performed only when the patient was symptomatic. Since 1972, however, cardiac catheterization has been recommended to all patients, one year after repair. Six-large residual ventricular septal defect. Isolated severe residual right ventricular outflow tract obstruction was an uncommon cause of chronic CHF. Pulmonary artery hypertension was present in 20/36 patients with CHF. The increased pulmonary pressure was not wholly due to an increased pulmonary flow since 7/20 patients had pulmonary vascular resistance greater than 3 mm Hg/L/min/m2. Our findings indicate that persistent or chronic congestive heart failure in postoperative tetralogy of Fallot patients requires bilateral cardiac catheterization since an identifiable and surgically correctable lesion is nearly always present. ty percent of the patients operated on between 1972 and 1974 had postoperative catheterization.
A previous systemic-to-pulmonary artery anastomosis had been performed in 77/102 patients: 16 patients had a Potts shunt alone or in combination with a Blalock-Taussig shunt, 15 patients a Waterston shunt alone or in combination with a Blalock-Taussig shunt and 46 patients had a Blalock-Taussig shunt. The right ventricular outflow tract was reconstructed by infundibulectomy with or without pulmonary valvotomy in 37/102, right ventricular outflow patch extending to below the pulmonary anulus in 32/102 patients (pericardial in 21/32 and prosthetic material in 11/23 patients); and right ventricular outflow patch extending across the pulmonary anulus in 24/102 (pericardial in 12/24, prosthetic material in 12/24 patients). A valved conduit was interposed between the right ventricular outflow tract and pulmonary artery in 9/102 patients (heterograft as provided by Hancock Laboratories in six patients and aortic homograft in three) (table 1). The ventricular septal defect was closed with an Ivalon patch in 44/102 patients and a Dacron patch in 58/102 patients.
All 102 patients underwent right heart catheterization and 94/102 had right ventricular angiography performed. Left heart catheterization was performed in 86/102 patients, left ventricular angiography in 60 patients, and ascending aortic angiography in 24 of the patients. The following hemodynamic measurements were made: a) right atrial, right ventricular and aortic and/or femoral artery pressures and oxygen saturation were measured in all 102 patients; b) pulmonary artery pressure and oxygen saturation was measured in 99/102 patients; c) left ventricular pressures were measured in 86/102 patients; d) cardiac output was determined by the Fick principle using a measured oxygen consumption in 93/102 patients and an assumed oxygen consumption value' in nine patients.
A left-to-right shunt at ventricular level was confirmed by oxygen saturation measurements and/or left ventricular angiography and its site localized by left ventricular angiography and/or at surgery. Pulmonary insufficiency was graded by a numerical scale. Regurgitation was considered mild if a grade 1-2 short, early diastolic murmur was present, moderate if a grade 3 or greater murmur was audible and severe if a loud murmur was associated with equal pulmonary diastolic and right ventricular end-diastolic pressures. Tricuspid regurgitation was identified by right ventricular angiography, a loud regurgitant murmur with inspiratory augmentation, and a right atrial pressure tracing with a prominent, broad V wave and near or complete obliteration of the x descent and a steep y descent. Chronic CHF was documented by presence of marked cardiomegaly, hepatomegaly, and the clinical dependence on digitalis and diuretics.
Results Chronic CHF one year or more after surgical repair was observed in 36/102 patients with TF. Table 2 lists the clinical findings and multiple hemodynamic residua and sequelae observed in these 36 patients. The most prevalent abnormality leading to chronic congestive heart failure was a residual large ventricular septal defect, alone or in combination with other lesions.
Residual Ventricular Septal Defect
A residual ventricular septal defect (VSD) was identified in 58/102 patients; among the 58 patients with a ventricular defect, 31 had chronic congestive heart failure. A pulmonary-to-systemic flow ratio (Qp/Qs) -2 was present in 28/31 patients with a residual VSD and CHF. The other three patients had a large residual VSD but a small left-toright shunt because of marked right ventricular outflow tract obstruction. The relationship between the magnitude of the left-to-right shunt via the VSD and the presence of CHF is shown in figure 1 .
All postoperative patients with a Qp/Qs > 2 had chronic CHF. The residual VSD was localized solely to the region of the VSD patch in 28/31 patients with CHF. In two patients, an additional large muscular VSD, unrecognized prior to and during surgical repair, was present. The third patient (table 2; Note that allpatients with aflow ratio ofgreater than 2 have CHF.
(pressure gradient ' 40 mm Hg) was observed in 29/102 patients, and 16/29 had CHF ( Twenty-one of 102 patients had residual aortopulmonary shunts: a Blalock-Taussig anastomosis in ten, Potts anastomosis in six, ascending aorta to pulmonary artery shunt in four, and a large aortopulmonary collateral vessel in one. Congestive heart failure was present in 9/21 patients with residual aortopulmonary shunts and all but one of these patients had additional hemodynamically significant residual lesions (table 2). Most of the residual aortopulmonary shunts were small. An attempt had been made to close them at the initial operation but either was incomplete or the Blalock-Taussig shunt recanalized. Left Blalock-Taussig shunts were particularly difficult to close. The exceptional patient (table 2; no. 33) had a large left-to-right shunt and congestive heart failure secondary to a big aortopulmonary collateral vessel from the descending aorta to right pulmonary artery. Ligation of the aortopulmonary collateral vessel resolved the CHF. A murmur of pulmonary insufficiency was identified in 88/102 patients, while only 28/88 patients had moderate to severe pulmonary insufficiency. None of these 28 patients had a right ventricular to pulmonary artery gradient > 50 mm Hg and in no patient was pulmonary regurgitation the only hemodynamic lesion responsible for CHF. The degree of pulmonary insufficiency was not significantly different between patients with and without pulmonary artery hypertension (table 2) .
Tricuspid Regurgitation
Moderate to severe tricuspid regurgitation was observed in 11/102 patients. All 11 patients had chronic CHF, ten of the 11 had an associated large left to right shunt via a VSD and five of the 11 had moderate to severe pulmonary regurgitation. Severe right ventricular obstruction or pulmonary vascular obstruction was present in seven of the 11 patients. All of these patients had both extensive right ventricular muscle resected and had their VSD patch anchored to a portion of the tricuspid valve during their surgical repair.
Pulmonary Artery Hypertension
A pulmonary artery systolic pressure ' 35 mm Hg was measured in 23/102 patients. Among these 23 patients with increased pulmonary artery pressure, CHF was present in 20, a large residual VSD in 19, and a residual systemic to pulmonary shunt in 8. A large left-to-right shunt via a VSD and/or shunt was the most important factor contributing to the increased pulmonary artery pressure in postoperative patients ( fig. 2 ). Preoperative pulmonary artery pressure measured in 17/23 patients was elevated in seven patients. All these patients had a previous Potts or Waterston shunt. No patient with a preoperative pulmonary artery pressure of greater than 35 mm Hg and a residual VSD or aortopulmonary shunt had a normal pulmonary artery pressure following surgical repair.
The increase in pulmonary artery pressure was not wholly Abbreviations: Pt = patient; PVR = pulmonary vascular resistance; SVR = systemic vascular resistance; preop = preoperatively; postop = postoperatively; PAP = pulmonary artery pressure. due to a very large pulmonary blood flow (i.e., hyperkinetic hypertension) since pulmonary vascular obstructive disease (pulmonary vascular resistance > 3 mm Hg/L/min/m2) was present in 7/19 patients with postoperative pulmonary artery hypertension and a large residual VSD. In at least two of the seven patients, increased pulmonary vascular resistance was already present preoperatively (table 3) .
Other Residua and Sequelae
Left ventricular dysfunction secondary to transsection of an anterior descending coronary artery that arose from a right coronary artery was the cause of CHF in one patient (no. 34). Marked bradycardia (heart rate: 35) due to postsurgical complete heart block resulted in CHF in another patient (no. 32). Following implantation of a pacemaker, the CHF disappeared. Aortic regurgitation was present in 4/36 patients with congestive heart failure and 4/66 without CHF. The lesion was hemodynamically significant and contributed to the left ventricular volume overload in only one patient (no. 16), who also had significant subaortic stenosis. There is a direct relationship between the magnitude of the residual left to right shunt after repair and the elevation of right and left ventricular end-diastolic pressures (r = 0.73 and r = 0.65 respectively; P < 0.01) (figs. 3 and 4) . A Qp/Qs > 2 was invariably associated with a left ventricular end-diastolic pressure of > 10 mm Hg and with few exceptions, a right ventricular end-diastolic pressure of > 10 mm Hg.
Age at Repair
Congestive heart failure was present in 16/22 (75%) of patients whose intracardiac repair was performed between 15 and 28 years of age, in 19/69 (28%) patients repaired between 3 and 15 years of age (P < 0.001) and in 1/11 (9%) patients less than three years of age at repair ( fig. 5 ). However, 13/22 patients greater than 15 years of age had a previous Potts anastomosis, while only 3/69 patients between 3-15 years had a previous Potts shunt.
Discussion
The inherent bias in the selection of patients for postoperative cardiac catheterization greatly overestimates the incidence of chronic CHF and other residua observed in our patients with TF. However, the hemodynamic observations at cardiac catheterization provided us with an opportunity to gain insight into the etiological factors responsible for the development of chronic CHF and other residua observed in our patients with TF. The residua and sequelae after repair of TF which may lead to chronic CHF are summarized in table 4.
The majority of the patients with chronic CHF have a large residual ventricular septal defect. A left-to-right shunt with a pulmonary-to-systemic flow ratio equal to or greater than 2 was uniformly associated with heart failure (fig. 1 ). The left ventricle in patients with TF is unable to accommodate the volume overload imposed by the left-to-right shunt.'4 The left ventricular end-diastolic pressure is elevated and tends to increase with increasing pulmonary flow ( fig. 4 ). This may be related, in part, to left ventricular dysfunction resulting from a long standing large systemicto-pulmonary shunt" or chronic cyanotic heart disease."5 These are undoubtedly not the only explanations since some of the patients with a persistent VSD and CHF had a small systemic-to-pulmonary shunt or had a shunt for only a short duration. Furthermore, left ventricular function in cyanotic patients without residual defects, regardless of age at operation, is usually normal.'4 16 Some degree of right ventricular myocardial dysfunction produced by akinesis from the ventriculotomy scar or large outflow patch may also lead to the development of CHF when the right ventricle is subjected to additional volume load from a left-to-right shunt.
There is a direct relationship between the size of the left-toright shunt and right ventricular end-diastolic pressure ( fig.  3 ). Associated lesions producing volume overload such as tricuspid regurgitation, aortic regurgitation, or the presence of additional pressure load in the right ventricle from unrelieved right ventricle outflow obstruction undoubtedly Tricuspid regurgitation 10 28 Pulmonary artery hypertension 20 56 Residual aortopulmonary shunt 9 25 Infrequent:
Unrecognized muscular ventricular septal defect 2 
6
Fracture of calcified Ivalon patch 1 3 Severe residual right ventricular outflow obstruction 2 6 Large aorta to pulmonary artery collateral 1 3 Complete heart block 1 3 Coronary artery injury 1 3 Aortic regurgitation 4 11 Aortic stenosis Severe right ventricular outflow tract obstruction in the absence of a large VSD is an uncommon cause of congestive heart failure in the postoperative patients with TF. It occurred in only 2/36 patients. However, significant right ventricular outflow tract obstruction in association with an anatomically large VSD was present in almost 50% of the patients with CHF.
Both tricuspid regurgitation and pulmonary artery hypertension are frequently present in postoperative patients with a large residual ventricular septal defect and chronic CHF. Tricuspid regurgitation usually results from intraoperative injury to the tricuspid valve or its attachments, distortion of the valve as a result of anchoring the VSD patch to the septal leaflet and less frequently as a result of myocardial dilatation or marked volume overload. As previously noted by others'0"13 the increase in pulmonary artery pressure was related to the Qp/Qs and the presence of a previous longstanding systemic to pulmonary artery shunt. Pulmonary vascular obstructive disease contributed to the elevation of pulmonary artery pressure in seven of our patients (table 3) .
The frequency of CHF after repair of TF was shown to increase with age. This is, at least in part, related to adverse effects from prior palliative procedures in the majority of older children and young adults. The systemic to pulmonary shunts may remain open after repair,"7 result in the development of pulmonary vascular obstructive disease or left ventricular dysfunction.9' 11, 17 The increased incidence of congestive heart failure and the other complications of palliative surgery'8 are some of the major reasons for recommending primary and early repair whenever technically feasible. '9 20 Review of the catheterization findings revealed some unusual causes for congestive heart failure in patients with repaired TF. Two patients had an additional muscular VSD and in one patient, congestive failure developed after fracture of a 5-year-old Ivalon patch. Complete heart block, left ventricular dysfunction secondary to coronary artery transsection, a large residual systemic to pulmonary artery collateral and aortic stenosis, each caused CHF in one patient.
Our findings indicate that the presence of chronic congestive heart failure in postoperative patients with TF requires a thorough bilateral heart catheterization and angiography. A surgical correctable lesion, usually a residual VSD, is nearly always present but must be clearly defined preoperatively.
The presence in some patients of an additional muscular ventricular septal defect, patent systemic to pulmonary artery shunt, aortic or tricuspid regurgitation emphasizes the importance of accurately identifying the location of the left to right shunt and other hemodynamic lesions prior to another surgical intervention. Fortunately, reoperation in patients with TF does not carry an excessive risk and its results are excellent.2' Delay in recommending reoperation may lead to further cardiac decompensation, increasing symptoms, the development or progression of pulmonary vascular obstructive disease and increasing myocardial dysfunction.
